The one-dimensional turbulence (ODT) model is applied to a reactant-to-product counterflow configuration and results are compared with DNS data. The model employed herein solves conservation equations for momentum, energy, and species on a one dimensional (1D) domain corresponding to the line spanning the domain between nozzle orifice centers. The effects of turbulent mixing are modeled via a stochastic process, while the Kolmogorov and reactive length and time scales are explicitly resolved and a detailed chemical kinetic mechanism is used.
Introduction
Turbulence-chemistry interaction models that are based on fundamental principles are important in turbulent reacting flow simulations to improve combustion efficiency and to reduce emissions. The existence of a wide range of length and time scales in high Reynolds number flows representative of practi- A key requirement for robust turbulent combustion modeling is that the model must be able to access a sufficient portion of the chemical-state manifold 10 [2]. PDF models are advantageous in this regard, but are subject to significant limitations because they do not resolve flame structure. Flamelet models provide such resolution, but they rely on low-dimensional chemical manifolds. Thus, neither of these leading approaches to turbulent combustion modeling is fully satisfactory. Similar considerations apply to other commonly used approaches.
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One-dimensional turbulence (ODT) resolves flame structure in 1D without compromising chemical-state accessibility, and achieves major cost reduction relative to DNS through reduced spatial dimensionality. ODT is a fully resolved, unsteady stochastic simulation model that emulates the Navier-Stokes turbulence. ODT has two key features. First, the properties of the flow reside 20 on a one-dimensional domain. This 1D formulation allows full resolution of the interaction between large scales and molecular transport scales within computationally affordable simulations. Second, because vortical overturns cannot occur on a 1D domain, turbulent advection is represented using mapping events whose occurrences are governed by a random process. Unlike the Reynolds-averaged 25 Navier-Stokes (RANS) model and large-eddy simulation (LES), which model the small scale phenomena and retain the 3D representation of the flow, ODT resolves all the scales of motion but models 3D turbulence. Hence ODT cannot capture geometrical effects and coherent flow structures, other than the so-called eddy events of ODT. In ODT, velocity components are transported and are used 30 to determine the eddy frequency and eddy-size distribution, thereby providing a phenomenologically sound basis for driving turbulence.
As a stand-alone model, ODT has been used to simulate homogeneous turbulent non-reacting [3, 4, 5, 6, 7, 8] and reacting flows [9, 10, 11, 12, 13] . Notably, for non-premixed combustion ODT has provided fundamental insights concern-35 ing the spatio-temporal features of extinction-reignition [11] and yields overall agreement, in considerable detail, with state-space statistics obtained from DNS of temporally developing jet diffusion flames [13, 14] .
For stand-alone modeling of turbulent flows using ODT, one must define the dominant direction of mean property variation. For complex flows which may 40 not have a single dominant direction, ODT has been used as a sub-grid scale model in both RANS [10, 15] and LES [16] to provide closure for reacting scalars in combustion. An alternative multi-dimensional approach called ODTLES is discussed in [7, 17, 18] .
Here, we conduct numerical studies of a highly turbulent counterflow flame 45 as a benchmark for validating stand-alone ODT. By operating in a turbulent Reynolds number regime of relevance to practical systems such as gas turbines and internal combustion engines, counterflow flames retain the interaction of turbulence and chemistry of these environments [19] , but additionally offer several advantages including: (a) the achievement of high Reynolds numbers without 50 pilot flames, which is particularly advantageous from a modeling standpoint; (b) compactness of the domain by comparison with jet flames, with advantages from both a diagnostic and computational viewpoint; and (c) reduction or elimination of soot formation due to high strain rates and low residence times. For these reasons, the system is ideally suited to be used for computational model This paper is organized as follows. Section 2.1 summarizes the mathematical formulations. Section 2.2 gives a short overview of ODT. For further depth counterflow specific models. Section 3 describes the current counterflow configuration and boundary conditions. In the results, section 4, we compare model predictions to DNS data for mean and RMS velocity and species profiles. We compare mixing rates by looking at scalar dissipation rates and flame extinc-65 tion/ignition characteristics by looking at the probability distribution of heat release rate conditioned on a chosen progress variable. To compare the range of results provided by DNS and ODT, scatter plots over temperature are shown.
Statistics conditioned on temperature are compared for a more stringent test of model performance. Finally, a sensitivity study is carried out for the ODT 70 input parameters.
ODT

Mathematical Formulation
We solve the set of variable density zero-Mach-number equations in one spatial dimension in a Lagrangian framework on an adaptive grid. In all equations,
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x is the ODT line direction.
Following the formulation in [22] , we begin by writing the continuity equation in integral form for a control volume V that encloses the mixture mass. In Lagrangian formulation, the system boundary moves with the mass-average velocity so that in the direction of the ODT domain no mass crosses the control 80 volume boundary via convective transport, only through diffusive transport.
Since there is no mass source term, the Reynolds transport theorem is written for the continuity equation as
where ρ is the density. For uniform properties inside the control volume, and in 1D, the equation reduces to
where dx is a Lagrangian interval. This shows, that during a time advancement of the partial differential equations, the total mass in a given grid cell is constant.
The balance equations for momentum, species mass fractions, and enthalpy are
with s = 1, ..., n s and n s is the number of different species in the gas mixture.
Here, µ is the dynamic viscosity of the mixture, u i with i ∈ {1, 2, 3} are the 90 three ODT velocity components, β is a pressure source term model discussed in section 2.3.1, Y s is the mass fraction of species s,ω s is the chemical source term of species s, h is the enthalpy of the mixture, and p the pressure. j s is the species diffusive flux given by
where D s is the diffusion coefficient of species s and M is the mean molecular 95 weight. q is the heat flux given by
where h s is the enthalpy of species s including the heats of formation, λ is the thermal conductivity and T is the temperature. For the equation of state of a mixture of ideal gases we have
with R denoting the ideal gas constant.
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Time advancement of eqs. (3 -5) is solved numerically using standard firstorder finite-difference discretization and is advanced at a diffusive CFL constraint. Spatial discretization is second order on a uniform grid and formally first order on the currently used non-uniform grid. An adaptive mesh approach is used, such that the merging and splitting of grid cells is performed in a 105 manner that conserves fluxes of transported quantities: mass, momentum, and energy. The grid is adapted based on a nominally uniform distribution of grid points along the arc length of the (centered and scaled) velocity, heat release rate, and species profiles [22] . A minimum grid cell size of 8 µm is used, which is sufficiently small that no significant differences in results are observed when terms (used in the explicit time advancement) is performed with a high order implicit method using the most recent version of the CVODE code of the SUN-DIALS package [23] . This eliminates chemical stiffness and allows advancement at a diffusive CFL. Thermodynamic and transport properties as well as reaction rates are calculated using the C++ interface of the CANTERA software pack-120 age [24] . In this study we use the hydrogen combustion mechanism proposed in [25] , that contains 21 reactions and 9 species.
Turbulence Model
In ODT, the turbulent motions that accelerate mixing are modeled through a series of stochastic rearrangement events. These events may be interpreted as 125 the model analog of individual turbulent eddies which are referred to as 'eddy events' or simply 'eddies'. Each eddy event interrupts the time advancement of other processes and an instantaneous transformation is applied to the property profiles over some spatial interval (x 0 , x 0 + l), where x 0 represents the eddy starting location and l is the eddy length. 
Eddy events
The eddy event is central to the ODT modeling approach. It models the effects of a three-dimensional eddy using a 1D rearrangement. Eddy events are qualitatively similar to turbulence in that they have the effect of increasing gradients by redistributing the fluid elements along the 1D domain. Each eddy 
This mapping takes a line segment [x 0 , x 0 + l] shrinks it to a third of its original length, and then places three copies on the original domain. The middle copy is reversed, which ensures that property fields remain continuous and in- 
Eddy rate distribution
The ODT velocity profiles evolve through the specification of the occurrences of eddy events. Conversely, the velocity profile supplies information that 155 determines the size, location, and frequency of these events. The eddy selection process is stochastic and follows the variable density formulation of Ashurst and
Kerstein [4, 26] . The local rate of an eddy is taken to be λ(x 0 , l) = 1/l 2 τ , and the total rate of all eddies is Λ = λ(x 0 , l)dx 0 dl. Hence, the joint PDF of eddy parameters x 0 and l is P (x 0 , l) = λ(x 0 , l)/Λ. Eddy occurrences are sam-
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pled from a Poisson distribution with mean rate Λ, with x 0 and l parameters sampled from P (x 0 , l). To restrict the occurrence of unphysically large eddies, the maximum eddy size allowed is an input parameter that is problem specific.
Similar to dimensional relationships applied to fully developed turbulence, for eddy events in ODT, a relationship can be formulated between an eddy's size, 165 its associated energy, and a time scale. The eddy time scale τ is used to specify the eddy acceptance probability, and is computed as
where E kin is a measure of kinetic energy as in [4] , ρ 0 = ρK 2 (x)dx, and
is the kernel function as in [4] . E vp is a viscous penalty defined using scaling arguments as E vp = 
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In a counterflow, mean property variation is primarily along the streamwise direction, so the ODT domain is the axial line. This line, viewed as a thin cylinder, is subject in a counterflow to inflow from the jet nozzles at the ends of the cylinder and corresponding net lateral outflow to conserve cylinder volume.
Accordingly, an advection model needs to be introduced to transport incoming We displace cell faces with advection velocity u
where u 1 (x) is the ODT online velocity component time advanced in Eq. (3) and u Uu and U b are the mean inlet velocities of the reactants and products respectively.
The shape function for u β is shown in Fig. 1 , where our simplified model linearly decelerates the incoming velocity from the nozzles towards the prescribed stagnation point. The stagnation point location is an empirical input parameter.
Dilatation model
In ODT we are living on a 1D line between the two nozzles. There is expan- ∂x i = 0 (13) in which the x, y and z directions correspond to the respective indices i ∈ {1, 2, 3}. Solving for the preliminary dilatation velocityû
where α = 1/3 is the fraction of the added volume that is kept on the line. the boundary condition constraint dictated by the counterflow configuration,
at the inlets, is imposed by linearly redistributing the total preliminary dilatation [27] , it then follows that the associated potential energy change resulting from triplet mapping the accelerating variable-density flow is
where the factor 8/27 arises due to the variable density formulation andρ is 245 a reference density defined as the average density over the interval [
This potential energy change is nonzero only where the density varies, as it is the interaction of the dilatation-induced pressure gradient and the density gradient that is the cause of this instability mechanism. E pe is not a potential energy change in the same sense as in a buoyant flow, because it is not based on an 250 external energy source. For this reason, it is only used to affect the probability of acceptance of an eddy, but it does not change the total kinetic energy during the energy redistribution step of the eddy event. It is however, a formal analog to the treatment of energy in the buoyant flow, and therefore a tunable coefficient is not required. Reflecting the analogy to gravitational potential energy, E pe is 255 subtracted from the available kinetic energy when computing eddy likelihood.
The Darrieus-Landau instability is not specific to the counterflow configuration nor is it inherently a finite-Mach-number effect, so a representation of the instability should be incorporated into any ODT formulation involving unsteady dilatation within the ODT domain, irrespective of Mach number. The Darrieus-
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Landau model was first introduced in [28] and shown to provide quantitatively good results for the simulation of ignition times in a turbulent homogeneouscharged compression-ignition (HCCI). It has also been used in [29] and shown to improve results for modeling flame propagation in fuel beds of wildland fires.
In the Appendix, it is discussed further in the context of ODT modeling of flow 265 acceleration effects.
Counterflow Configuration
A reactant-to-product counterflow configuration is investigated, which con- Table 1 .
ODT set-up
The ODT domain spans the 1D domain between nozzle orifice centers, L x = 12 mm. To produce the reactant side turbulent inlet conditions, velocity fluctuations are superimposed on the mean inlet velocity at the reactants stream 300 inlet. These fluctuations are obtained from a homogeneous isotropic turbulence 
Integral length scale (L 11 /D) 0.30
Damköhler number (Da = Re
ODT domain length (L x ) 12.0 mm field generated prior to the simulation, based on a prescribed Passot-Pouquet energy spectrum [31] . As empirical input, the stagnation point location used in Eq. 12 was taken to be the mean DNS stagnation location, 4.8 mm. Additionally, ODT has three adjustable parameters that need to be specified:
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• Viscous penalty parameter Z = 0.1.
• Eddy frequency parameter C = 3.5.
• Maximum eddy size allowed is 5 mm, which corresponds to 1.3 · L 11 .
These parameters were chosen by matching spatial and state-space statics to DNS results. A parameter sensitivity study is conducted in section 4.3. 
DNS physical and numerical parameters
The DNS set-up is detailed in [30] , here only the key points are re-stated.
The three-dimensional physical extent of the computational domain is 0.95D × three-dimensional DNS of a non-reactive homogeneous isotropic field performed with the Sandia 3D Direct Numerical Solver S3D [32] . A homogeneous isotropic turbulence field is initially generated using the method described by [33] , based on a prescribed Passot-Pouquet energy spectrum [31] that satisfies continuity and subsequently evolves until turbulence is established. 
Results
In this section a macroscopic description of the overall flame burning behavior is provided from a statistical description of the turbulent flame and results from ODT and DNS are compared. The Favre mean of a variable, φ, is defined as φ = ρφ/ρ where the overbar denotes ensemble temporal averaging defined as:
N t is the number of samples in the statistically stationary period in the simulation over which ensemble averaging is performed.
The results section is outlined as follows: in sec. 4.1 the 1D laminar strained flame results are presented. First, the evolution of the maximum temperature and maximum heat release rate are presented as a function of bulk strain rate. ODT input parameters is presented.
Laminar Flame Results
Prior to the application of ODT to the turbulent counterflow flame, the re- terflowing streams and the nozzle separation distance were held constant and identical to the three-dimensional turbulent flame parameters investigated with DNS. The dependence of the maximum heat release rate and maximum temperature on bulk strain rate is shown in Fig. 4 . Figure 4 shows that there is a non-monotonic dependence of heat release rate and temperature on strain 360 rate. For low-to-moderate strain rate, up to approximately 2,400 s −1 , the peak heat release rate increases with increasing strain rate as expected from effects of nonequidiffusivity [34] . At higher strain rate, the flame is pushed closer to the stagnation plane and the temperature and heat release rate decrease with increasing strain rate. The maximum temperature does not decrease below Additionally, the reactant side adiabatic flame temperature, T ad−R , and the product side inlet temperature, T inlet−P , are shown.
lacks a turning point and results in an ambiguous definition of the extinction limit and the corresponding extinction strain rate. Therefore, in the present study, following [30] , the flame is considered to be extinguished when the instantaneous heat release rate is lower than 0.5 percent of the maximum heat 375 release rate of the strained laminar case which corresponds to 0.01 kJ/cm 3 /s.
In and major and minor species profiles are almost identical. Due to the previously 390 mentioned lower strain rate encountered by ODT, a very slight discrepancy is observed, whereby the ODT profiles are more rounded. Here, the lower strain rate allows diffusion to broaden the ODT curves slightly more.
Turbulent Flame Results
Spatial Comparisons
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Favre velocity and scalar means and variances are presented in this section.
The Favre mean and RMS of the normalized axial velocity, temperature, and Comparing ODT temperature and species profiles with DNS, we see that although ODT is a reduced order model, it is able to achieve a good quantita- 
Scalar Dissipation Rate Comparisons
The scalar dissipation rate can be physically interpreted as a mixing rate, or 460 equivalently as a rate at which scalar fluctuations are destroyed [38] . Therefore, to look at mixing decoupled from burning we next present Favre averaged results of the nitrogen dissipation rate. The nitrogen concentration differs in the reactant and product inlet streams and therefore provides a simple conserved scalar that is representative of conserved scalar dissipation rates. In Fig. 7 we 
Flame Attenuation
The nature of extinction we observe in this flame is not abrupt extinction of are the reactant and product side inlet H 2 mass fractions respectively. In Fig.   480 8 (left) we plot heat release rate against p.v. for the 1D strained laminar flame computed with OPPDIF. From this curve we see that peak heat release rate for the laminar flame is reached in the vicinity of p.v. in range from 0.5 to 0.6. This p.v. range demarcates portions that should be burning well. In Fig. 8 (right) we plot the probability density function (pdf) of heat release rate on the center 
Scatter Plot Comparisons
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Temperature-conditioned statistics are widely used to analyze the statespace structure of turbulent flames because they conveniently illustrate effects of finite-rate kinetics that cause the thermochemical state to deviate from equilibrium. For ODT specifically, such statistics obtained from non-premixed configurations have proven useful and instructive [13, 14] . In addition to the novel 505 features of the present ODT formulation (see Sec. 2.3), this study serves as the first detailed presentation of such statistics from ODT simulations of premixed combustion.
In Fig. 9 and Fig. 10 we compare ODT and DNS scatter plots of heat release rate and major and minor species mass fractions conditioned over temperature.
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Each value plotted represents a specific point in time and space. For the DNS, values from the center line were taken over 10 residence times 100 times per residence time, while for ODT, values over the entire domain were taken over 100 residence times 10 times per residence time. Therefore, the number of times the data was sampled at is the same for DNS and ODT, however ODT sampled for In general, in the DNS we see distinct structures at high temperatures that are not necessarily so prominent in the ODT results. However, this is not a case of ODT not capturing these states, but rather that ODT captures additional 535 states to those seen by the DNS that blur out the distinct shapes. Specifically looking at Fig. 9 , and comparing the O 2 plots, we see a distinct structure in the DNS at temperatures between 1,500 -1,700 K. In ODT, results in this temperature range are more broadly and smoothly spread than in the DNS.
A possible explanation for this is that ODT simulated more diverse residence 540 times than the DNS and therefore sees more states which blur out the sharp features in the DNS.
Superadiabaticity Test
In Fig. 9 , states with temperature up to approximately 1,700 K are obtained. This is considerably higher than the product side inlet temperature of 1,475 K 545 and also above the reactant side adiabatic flame temperature of 1,420 K. To test for superadiabaticity, temperature that exceeds the highest equilibrium temperature that is possible for any mixture of the two inlet states, we take each state above 500 K presented in Fig. 9 as an input condition (pressure, temperature and species) and perform an equilibrium calculation. The equilibrium tempera-550 ture reached versus input temperature from DNS and ODT is shown in Fig. 11 .
Points on the diagonal line indicate no change in temperature (i.e. input mixture is at equilibrium). Points above the diagonal line indicate a temperature The red line represents the average equilibrium temperature for given input temperature.
rise at equilibrium and points below indicate a temperature drop. No points are seen below the diagonal line for both DNS and ODT, indicating that superadi-555 abaticity is not reached. The equilibrium temperature remains the same as the input temperature only for a group of points with initial temperature around 1,475 K. These represent the product side inlet gas that is input at a state of equilibrium. All other points represent a mixture of the reactant and product side inlet states.
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To facilitate the comparison between ODT and DNS results, the average equilibrium temperature reached for input temperature is additionally shown in red in Fig. 11 . Comparing the ODT and DNS average equilibrium temperatures shows that for input temperatures below 1,000 K, ODT reaches higher equilibrium temperatures. Differences in ODT and DNS species results below 565 1,000 K have been highlighted in Sec. 4.2.4, here it is only noted that differences between ODT and DNS input states are amplified through the equilibrium calculation and lead to larger differences in the equilibrium states reached. Above 1,000 K, the average equilibrium temperatures are similar. number of all species set to 1. Fig. 13 shows the scatter plot of heat release rate with temperature on the burner centerline and we see that temperatures above the laminar flame temperature are not obtained. This is an illustration that having validated ODT, we can do parameter variations to look at questions of interest more quickly and easily than by running additional DNS cases. 
Differential Diffusion Effects
State-Space Comparisons
For a more stringent comparison between ODT and DNS, mean and RMS plots conditioned on temperature for heat release rate and major and minor species are presented. A qualitative agreement is achieved in all of the cases, 
Parameter Sensitivity Study
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The DNS data is used to provide guidance on the selection of the ODT parameters listed in section 3.1. Sensitivity analysis is performed in the con- 
Conclusions
In summary, the ODT methodology was applied to a turbulent reactant-toproduct counterflow flame. Configuration specific models needed to address the 3D dilatation and advection phenomena on the 1D line were presented.
Comparison of results for the laminar strained flame obtained from ODT
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and OPPDIF, shows that the strain rate produced by ODT is slightly lower than that produced by OPPDIF. As a consequence, a very slight discrepancy is observed between ODT and OPPDIF profiles, whereby ODT profiles are more diffused.
Comparing ODT results with DNS data for spatial mean and fluctuating State-space statistics of heat release rate and all species conditioned on temperature were shown for a more stringent comparison of ODT and DNS data.
Good agreement with the DNS results is attained, although heat release rates for temperatures below 1,000 K are underpredicted.
A sensitivity study to ODT input parameters was carried out by varying the This is done by adopting a dynamical viewpoint. Consider a fluid parcel that is accelerated by flame dilatation. According to Einstein's equivalence principle [40] , acceleration due to this or any other mechanism is formally equivalent to a gravitational body force. Accordingly, the response of the fluid parcel to acceleration can be analyzed by supposing instead that it is subject to the corre- an ODT eddy is instantaneous and therefore is not subject to displacement by dilatation-induced acceleration, which is a continuous-in-time process in ODT [22] . Therefore ODT does not automatically provide a mechanism for eddies to be influenced by dilatational flow, hence the introduction of the DL model source. This reflects the fact that reference-frame acceleration in ODT is based on an ad hoc partition of flow time advancement into an eddy and a background flow, where the acceleration associated with the latter does not correspond to any external mechanism that accelerates the entire system. Therefore, the notional potential energy change is not based on an external energy source analo-770 gous to the gravitational potential energy reservoir. The practical consequence is that energy conservation requires that no kinetic energy change corresponding to the potential energy change should be applied. Therefore the DL treatment affects only eddy likelihoods in a manner that is internally consistent within ODT but is not in exact conformance with the equivalence principle.
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Triplet mapping during an eddy event represents a non-uniform motion, implying acceleration. Therefore it might seem that the effects of this implied acceleration should be modeled similarly in order for the treatment of acceleration to be fully consistent, but this is not done. The justification of this choice is based on the physical meaning of eddy events in ODT.
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Physical flow advancement is continuous in time and corresponds phenomenologically to an 'eddies-within-eddies' picture in inertial-range turbulence. Instantaneous ODT eddy events cannot capture this concurrent eddies-withineddies behavior. Instead, the eddies within this hierarchy must be implemented individually in ODT, each at a unique instant in time.
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In this context, the ODT analog of eddies within eddies is as follows. Consider a notional size-S ODT eddy event with an associated time scale τ based on S and the available energy, as described in the discussion of eddy likelihood.
This time scale is the ODT representation of the eddy turnover time. During the time interval τ after this eddy occurrence, other smaller eddy events will 790 occur within the size-S interval, such that this set of eddy events will emulate (accurately, if the model has good fidelity) the eddy statistics within the eddies-within-eddies picture. In this sense, the smaller eddies that constitute the dynamical hierarchy within the initial eddy are represented, albeit not by concurrent eddies-within-eddies behavior.
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Thus there is no need to model explicitly the acceleration effects implied by the structure of the triplet map because these effects are represented in ODT by effects of acceleration on the likelihoods of subsequent eddies occurring within the eddy interval S during the eddy lifetime τ . The DL effect within these eddies is responsive to the triplet mapping within the initial eddy due to 800 the effect of that mapping on the flow and density fields. Therefore additional explicit modeling of the effects of accelerations implied by the triplet map might introduce double-counting artifacts.
More broadly, modeling of eddy events in ODT should not be based on the viewpoint that each eddy event is a complete self-contained fluid motion, but 805 rather on the viewpoint that each eddy is a localized mode of the flow representing motion at a particular scale, as in the eddies-within-eddies interpretation of the ODT eddy-event sequence. ODT eddy events are analogous to wavelets in this respect, except that wavelets provide a decomposition of spatial structure but ODT eddy events provide a decomposition of flow time advancement. From
